Background-Whether mechanical dyssynchrony indices predict reverse remodeling (RR) or clinical response to cardiac resynchronization therapy (CRT) remains controversial. This prospective study evaluated whether echocardiographic dyssynchrony indices predict RR or clinical response after CRT. Methods and Results-Of 184 patients with heart failure with anticipated CRT who were prospectively enrolled, 131 with wide QRS and left ventricular ejection fraction Ͻ35% had 6-month follow-up after CRT implantation. Fourteen dyssynchrony indices (feasibility) by M-mode (94%), tissue velocity (96%), tissue Doppler strain (92%), 2D speckle strain (65% to 86%), 3D echocardiography (79%), and timing intervals (98%) were evaluated. RR (end-systolic volume reduction Ն15%) occurred in 55% and more frequently in patients without (71%) than in patients with (42%) ischemic cardiomyopathy (Pϭ0.002). Overall, only M-mode, tissue Doppler strain, and total isovolumic time had a receiver operating characteristic area under the curve (AUC) greater than the line of no information, but none of these were strongly predictive of RR (AUC, 0.63 to 0.71). In nonischemic cardiomyopathy, no dyssynchrony index predicted RR. 
C ardiac resynchronization therapy (CRT) improves left ventricular (LV) function, symptoms, and mortality in patients with advanced systolic heart failure (HF) and intraventricular conduction delay. 1, 2 Because not all patients experience improvement with CRT, considerable efforts have been directed at predicting which patients will or will not achieve reverse remodeling (RR), even though RR may not be necessary for clinical benefit with CRT. 3 
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Tissue Doppler imaging (TDI) velocity-derived dyssynchrony indices were shown to predict RR with a high degree of accuracy in multiple single-center studies. 4, 5 In contrast, the prospective multicenter study Predictors of Response to CRT (PROSPECT) showed that no indices were highly predictive of RR or clinical response with CRT. 6 However, feasibility and reproducibility of some indices were low in PROSPECT, and strain and 3D imaging were not evaluated. Accordingly, we performed a prospective single-center study to investigate the predictive characteristics of a wide range of Doppler echocardiographic dyssynchrony indices for RR and clinical response to CRT and assessed whether the predictive value of these indices varied according to etiology of HF.
Methods

Study Population
A total of 184 patients with HF with an ejection fraction Ͻ35% in whom CRT was anticipated were recruited at the Mayo Clinic (Rochester, Minn) from September 2005 to September 2007 and consented to participate. CRT was deferred in 10; 1 patient was ineligible due to a concomitant procedure; and 10 patients were excluded due to a QRS duration Ͻ120 milliseconds (ms). Of the remaining 163 patients with wide QRS, LV lead placement was unsuccessful in 12, and LV pacing was present Ͻ85% of the time at 6-month follow-up in another 11. An additional 9 patients refused to return for follow-up. Thus, 131 patients with 6-month follow-up data made up the final study population (Figure 1 ). This study was approved by the Mayo Institutional Review Board, and all patients gave written informed consent. Patients underwent clinical evaluation, echocardiography, Minnesota Living with Heart Failure Questionnaire (MLWHFQ), 6-minute walk distance (6MWD), and cardiopulmonary exercise testing for measurement of peak oxygen consumption (VO 2 ) before implantation and 6 months after implantation.
Echocardiography
Standard echocardiography and all available dyssynchrony indices were obtained preimplantation and at 6 months after CRT. All parameters were measured in triplicate and averaged. LV end-systolic volume (ESV), end-diastolic volume, and ejection fraction were measured by the biplane Simpson method.
Echocardiographic Measures of Mechanical Dyssynchrony
All echocardiographic analyses of dyssynchrony indices were performed by a single investigator (C.M.) experienced in their measurement and blinded to eventual response to CRT indices. Intra-and interobserver (C.M., G.M.L.) variabilities were assessed for all parameters in 18 randomly selected patients.
Septal-Posterior Wall Motion Delay Using M-Mode With Color-Coded Tissue Velocity
For septal-posterior wall motion delay (SPWMD), we used colorcoded TDI where the timing of anteroseptal and posterior wall motion was measured in an anatomic M-mode 7 in the short-axis view at the midpapillary level from the QRS onset to the first transition of the tissue velocity color coding where the wall showed maximal inward motion. SPWMD was defined as the absolute difference between anteroseptal and posterior wall motion timing.
Tissue Velocity and TDI-Derived Strain
Color-coded TDI was performed in 3 standard apical views using a commercially available ultrasound system and analyzed off line using dedicated software (EchoPac PC version 6.0.0). Images were acquired with a narrow sector for strain measurements. The region of interest was defined as a 6ϫ6-mm area with a circular shape for tissue velocity and as a 5ϫ10-mm area with an oval shape for strain measurement. Aortic valve opening and closure was determined from pulsed-wave Doppler imaging of the LV outflow tract to define ejection period.
Time to peak systolic tissue velocity was defined as the interval from Q-wave onset to the maximum positive velocity during the ejection period. 8 -10 Time to peak strain was defined as the interval from Q-wave onset to peak negative strain throughout the cardiac cycle (whether the peak negative strain occurred in systole or diastole). The following dyssynchrony indices were calculated: (1) septal-lateral (S-L) delay 11 (the absolute difference in time to peak systolic velocity between the basal inferoseptal and anterolateral segments), (2) the SD of time to peak systolic velocity in the 12 basal and mid-LV segments (Tv-SD), 5, 10, 12 (3) the difference between the earliest and the latest time to peak strain among the 12 basal and mid-LV segments (T-dif), and (4) the SD of time to peak negative strain in the 12 basal and mid-LV segments (T-SD). 13 
Speckle Tracking-Derived Strain
Speckle tracking images were acquired with a frame rate Ն40 frames per second. For longitudinal strain, wide sector images were obtained first, and if these showed poor tracking, walls were imaged individually with a narrower sector to achieve higher a frame rate (110 frames per second). Segmentation was automatically determined by the software. Longitudinal strain was assessed in 12 mid-and basal segments from the 3 apical views. Circumferential and radial strain (with a frame rate of 40 to 70 frames per second) were analyzed in 6 segments in the parasternal short-axis view at midpapillary muscle level. From an end-systolic frame, a region of interest was drawn along the endocardial border, and the thickness of the region of interest was adjusted to include the entire myocardial thickness. The software automatically detected the pattern of acoustic speckles. Segments without optimal tracking were excluded from the analysis, and if Ͼ2 (longitudinal) or Ͼ1 (circumferential and radial) segments had suboptimal tracking, the index was deemed not feasible. The following strain-based dyssynchrony indices were calculated: (1) the difference between the earliest and the latest time to peak longitudinal strain among the 12 segments (T long -dif), (2) SD of time to peak longitudinal strain among the 12 segments (T long -SD), (3) the difference between the earliest and the latest time to peak radial strain in the 6 segments (T rad -dif), and (4) the difference between the earliest and the latest time to peak circumferential strain in the 6 segments (T circ -dif).
3D Echocardiography
Real-time 3D echocardiography was performed using a commercially available unit (iE 33 [87% of studies] or Sonos 7500 [13% of studies]) from the apical window. The full volume of LV was obtained during breath hold and a relatively stable R-R interval. Casts of LV endocardium were semiautomatically reconstructed off line, and regional volume curves over the cardiac cycle then were obtained using a 16-segment model (excluding apex). The SD of time to peak minimum volume expressed as a percentage of the R-R interval (Tmsv-SD) was calculated for the 3D volumetric index of dyssynchrony.
Cardiac Time Intervals
The following cardiac intervals were calculated from pulsed-wave Doppler imaging of the LV outflow tract and transmitral flows: (1) preejection period (PEP) from QRS onset to LV outflow tract flow onset; (2) isovolumic contraction time (ICT) from the termination of mitral inflow to onset of LV outflow tract flow; (3) isovolumic relaxation time (IRT) from the aortic valve closure to onset of mitral inflow; and (4) total isovolumic time (IVT), which is the sum of ICT and IRT.
Definition of Response to CRT
RR was predefined as a Ն15% reduction in ESV at follow-up. 4, 6, 14 Improvement by Ͼ10% in the MLWHFQ score, peak VO 2 , or 6MWD was defined as a responder for each clinical response parameter. Patients who died before 6-month follow-up or who did not return because they were in hospice for HF were treated as nonresponders in all analyses, which treated response parameters as dichotomous variables.
Statistical Analysis
Data analysis was performed using SAS version 9.1 software. Data were expressed as meanϮSD for continuous variables and as absolute frequencies or relative percentages for categorical variables. A 2-sided PϽ0.05 was considered statistically significant. Paired t test was used for the comparison of continuous variables before and after CRT. To evaluate the predictive characteristics of dyssynchrony indices independent of an arbitrary binary definition of response, the correlation of indices with changes in response variables observed after CRT was performed, and Pearson correlation coefficients and P values for the correlation were reported. Using the prespecified definitions of RR or clinical response, receiver operating characteristic curves were constructed, and the area under the curve (AUC) was compared to the line of no information (AUC, 0.50) in logistic regression. The optimal cutoff value was selected where the sum of sensitivity and specificity was maximum in receiver operating characteristic analysis. Inter-and intraobserver variability was assessed as the difference between measurements expressed as a percentage of the mean and as the coefficient of variation (SD/mean).
The authors had sole access to the data, performed all analyses, and take responsibility for their integrity. All authors have read and agreed to the manuscript as written.
Results
Patient Characteristics
The baseline characteristics of our final 131 study patients are outlined in Table 1 . Among them, 6 died, and 1 entered hospice care for HF before the scheduled follow-up. The availability of paired response variables is outlined in Figure 1 .
Response to CRT
Overall, end-diastolic volume (205Ϯ75 to 177Ϯ78 mL; PϽ0.001) and ESV (156Ϯ67 to 123Ϯ71 mL; PϽ0.001) decreased and ejection fraction (25Ϯ7% to 34Ϯ12%; PϽ0.001) increased after CRT. Paired LV volume measurements at baseline and follow-up were available in 110 patients ( Figure 1 ). Sixty-four (55%) of 117 (110 with paired volume and 7 who died or were hospitalized) achieved RR. Patients with nonischemic cardiomyopathy experienced a higher frequency of RR (71%) than those with ischemic cardiomyopathy (42%; Pϭ0.002). The RR rate did not differ between patients with or without atrial fibrillation (Pϭ0.39) or between patients with intrinsic versus paced rhythm before CRT (Pϭ0.09). Overall, MLWHFQ score (52Ϯ20 to 33Ϯ24; PϽ0.001), 6MWD (348Ϯ127 to 386Ϯ128 m; PϽ0.001), and peak VO 2 (14.0Ϯ6.2 to 15.9Ϯ6.7 mL/kg per minute; PϽ0.001) improved after CRT. Using the prespecified binary clinical response definitions, the clinical response rate was 68% by MLWHFQ, 47% by 6MWD, and 47% by peak VO 2 criteria. Patients with ischemic cardiomyopathy (60%) had a lower MLWHFQ response rate than those with nonischemic cardiomyopathy (80%; Pϭ0.02), but clinical response rates using other criteria were similar. 
6MWD, m (nϭ112) 346Ϯ137
Ejection fraction, % (nϭ127) 25Ϯ7
LV ESV, mL (nϭ127) 161Ϯ69
LV EDV, mL (nϭ127) 212Ϯ78
Data are presented as meanϮSD or no. (%), unless otherwise indicated. ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blockers; EDV, end-diastolic volume; NYHA, New York Heart Association.
Feasibility and Reproducibility of Dyssynchrony Indices
Most dyssynchrony indices could be measured in Ͼ90% of patients with acceptable variability (Ͻ10% for intraobserver and Ͻ15% for interobserver variability) with the exception of S-L delay, 2D-derived strain indices (particularly circumferential or radial 2D strain-derived indices), and 3D volume dyssynchrony index (Table 2) .
Predictive Characteristics of Dyssynchrony Indices for RR in All Patients
In analysis independent of an arbitrary definition of RR, only SPWMD, TDI strain indices, longitudinal and circumferential 2D strain indices, and the timing interval indices correlated with change in ESV after CRT (Table 3) . Similarly, in analysis using the prespecified binary definition of RR, only these same parameters had an AUC greater than the line of no information. The RR rate in patients with values for dyssynchrony indices that did (true-positive rate) or did not (falsenegative rate) meet the optimal cutoff value for the index are shown in Figure 2 . Although the RR response rate was consistently higher in patients with abnormal indices, 35% to 55% of patients with normal dyssynchrony indices still experienced RR, and the RR rates in those with normal or abnormal indices were not substantially different than the overall response rate (55%). Similar results were seen when patients with atrial fibrillation were excluded or when previously published cutoff values for tissue velocity dyssynchrony indices were used (data not shown).
Predictive Characteristics of Dyssynchrony Indices for RR by Etiology
RR occurred in 71% of patients with nonischemic etiology, and no dyssynchrony index correlated with the change in ESV or had an AUC value greater than the line of no information in these patients (Table 4) . Accordingly, the RR rate in those patients with abnormal or normal values for dyssynchrony indices was similar and not substantially different from the RR rate observed without knowledge of dyssynchrony indices ( Figure 3A) . In contrast, the RR response rate was much lower (42%) in patients with ischemia, and several indices correlated with change in ESV after CRT (Table 4) . In ischemic cardiomyopathy, the difference in RR rate in those with abnormal dyssynchrony index values was greater than observed in those with normal indices ( Figure  3B ), but only SPWMD, TDI strain indices, and the IVTs had an AUC greater than the line of no information (Table 4) .
Predictive Characteristics for Clinical Response Variables
Changes in clinical response variables did not correlate strongly with changes in ESV (rϽ0.25 for all). Correlations between preimplantation dyssynchrony index values and changes in MLWHFQ, 6MWD, and peak VO 2 were weak and consistently (though marginally) significant only for TDIderived strain index (T-SD) ( (AUC, 0.61; Pϭ0.14). Findings were not different when only patients with ischemic cardiomyopathy were included (data not shown).
Discussion
In this prospective single-center study that measured most echocardiographic dyssynchrony indices suggested to date, feasibility of most indices was high with acceptable inter-and intraobserver variability. Yet, the ability of any indices to identify reliably who would or would not achieve RR after CRT was modest at best, and there was no correlation between dyssynchrony indices and clinical improvement. Importantly, we confirm that patients with nonischemic cardiomyopathy have a higher RR rate than those with Figure 2 . RR response rate at 6 months after CRT based on whether the optimal discriminatory value of each dyssynchrony index was met. Data for the entire study group, including 7 patients who died or were hospitalized as nonresponders, are shown. The dashed line indicates the RR response rate observed in the group without regard to dyssynchrony indices. The number of patients who met or did not meet cutoff criteria for each parameter is shown inside of each bar. ischemic cardiomyopathy and demonstrate that dyssynchrony indices did not predict LV volume or clinical response in nonischemic cardiomyopathy. In ischemic cardiomyopathy, M-mode, TDI-derived strain, and simple IVTs were more predictive for RR but still did not predict clinical response. The current findings, in concert with the PROSPECT 6 and Cardiac Resynchronization in Heart Failure 3 studies suggesting that mortality benefit from CRT may be independent of RR, do not support a routine use of echocardiographic dyssynchrony indices to guide selection of patients for CRT.
Mechanical Dyssynchrony Indices To Predict Response to CRT
Even a parameter that perfectly reflects differences in the timing of regional mechanical events may not predict response to CRT because not all differences in the timing are amenable to CRT. Successfully resynchronized segments with very poor contractility may not greatly affect overall chamber performance. Furthermore, variables such as lead position relative to dyssynchronous segments and scar, diastolic dysfunction, progression of underlying cardiomyopathic process, and effects of HF medications all introduce variability into RR and clinical response variables. Thus, no measure of mechanical dyssynchrony can be expected to perfectly predict a patient's response to CRT. The lack of correlation between RR and clinical measures of response was surprising and likely due to factors noted previously as well as to a placebo effect; smaller numbers with paired peak VO 2 ; and an inability of resting measures of RR to reflect CRT-induced improvement in systolic, diastolic, or valvular function with stress. The Cardiac Resynchronization in Heart Failure study also has shown that improvement in ventricular function was not an independent predictor of clinical outcome. 3
Predictive Characteristics of Mechanical Dyssynchrony Indices in This and Previous Studies
Whether certain dyssynchrony indices could predict response well enough to guide CRT has been addressed in several previous studies. The PROSPECT study 6 also attempted to determine whether a number of dyssynchrony indices predict response when measured across a spectrum of echocardiographic and CRT providers. These previous studies have yielded disparate results potentially because they studied somewhat different patient populations and dyssynchrony indices and used different analytical methods and partition values and because echocardiographic equipment and methodologies and study design varied across the studies. The size of the region of interest used by Yu and associates 14 (6ϫ12 mm), who showed a more-robust predictive value from tissue velocity-derived indices than that from strainderived indices, was slightly larger than what we used in our study. This type of difference in spatial averaging in TDI and strain imaging may have contributed to the discrepant findings among different studies. To standardize the acquisition of dyssynchrony timing indices, the American Society of Echocardiography consensus statement recommended a minimum of 5ϫ10-to 7ϫ15-mm region of interest to optimize the time-velocity or strain plots. 15 Additionally, publication bias may have limited reporting of studies that did not find correlation between dyssynchrony indices and CRT response. 16 The current prospective study analyzed most suggested dyssynchrony indices using prespecified and standardized echocardiographic equipment and methods that yielded high feasibility and reproducibility for most indices. We also used analytical methods independent of partition values for response variables and dyssynchrony indices to address many of the study design issues that may have contributed to discrepancies in the findings of other studies. The size of the present study, although larger than many, was smaller than PROSPECT. However, higher feasibility resulted in a similar number of patients with analyzable data for many indices.
The current study, although free of many limitations of the PROSPECT, demonstrates similar findings. Specifically, overall RR rate was generally higher in patients with abnormal dyssynchrony indices, but it was still substantial (35% to 55%) in patients who did not meet the cutoff criteria limiting the clinical role of a normal dyssynchrony index. Furthermore, in any individual patient, accounting for the pretest probability of response (49%), a positive index generally increased the probability of response to 60% to 75%, thereby providing only modest incremental value. 
Impact of Etiology on the Predictive Characteristics of Dyssynchrony Indices
As in PROSPECT, we observed a higher RR and clinical response in patients with nonischemic versus ischemic cardiomyopathy. In patients with nonischemic etiology, no index was predictive. In contrast, in patients with ischemic etiology, several dyssynchrony indices were predictive of RR, but none predicted clinical response. Although the current data suggest a moderate ability to predict RR in patients with ischemic cardiomyopathy, this finding must be interpreted with caution given the findings from the Cardiac Resynchronization in Heart Failure study that the mortality benefit with CRT remained significant after adjusting for etiology or RR at 3 months. 3 These data suggest that mortality benefit with CRT occurs in patients who do not experience RR and may still be present in ischemic cardiomyopathy in the absence of RR. In this study, comparative analysis of response predictors between patients with nonischemic and ischemic cardiomyopathy was not performed. Thus, selectively limiting CRT use based on low probability of RR in ischemic cardiomyopathy may not be justified.
Is One Dyssynchrony Index Better Than Others?
In the current study, multiple dyssynchrony indices were evaluated concurrently without direct comparison of 1 method to another. The general consistency of results with all Doppler echocardiographic measures of mechanical dyssynchrony are perhaps more important than the relatively modest differences between them. Despite previously encouraging reports for tissue velocityderived dyssynchrony indices to be able to predict RR after CRT with high accuracy, 4,5,14 the PROSPECT study did not confirm that those indices or a number of other indices could predict RR or clinical response after CRT with enough certainty to guide clinical decision-making. 6 Several studies suggested that strain imaging may overcome some limitations of tissue velocity imaging and provide a better measure of mechanical dyssynchrony. 13, 17 Indeed, TDI-derived strain indices had statistically significant predictive characteristics in the group as a whole and in patients with ischemic cardiomyopathy, whereas tissue velocity-derived dyssynchrony indices did not. Of note, feasibility, reproducibility, and predictive characteristics of 2D-derived strain were inferior to that reported in previous studies. Whether this reflects differences in imaging technique, analysis, feasibility criteria, relatively high intra-and interobserver variability, or CRT population studied is unclear.
Assessment of mechanical dyssynchrony from regional differences in the timing of volumetric changes measured by 3D echocardiography has been reported to predict CRT response with high accuracy. 18, 19 Despite restricting analysis to patients with optimal images, we did not observe high predictive accuracy with this methodology. Limitations in temporal resolution with 3D echocardiography and poor reproducibility may have hindered accurate detection of dyssynchonous contraction and contributed to our findings.
A notable finding was that simple IVT intervals had quantitatively similar predictive power to those observed with more complex strain-derived dyssynchrony indices, especially in patients with ischemic etiology. Dyssynchronous contraction delays aortic valve opening and prolongs the ICT, 20 and associated dyssynchronous relaxation will result in the prolongation of IRT. Thus IVT (the sum of ICT and IRT) may serve as a poor man's index of global mechanical dyssynchrony.
We found very different optimal cutoff values (252 ms) in SPWMD for the prediction of RR from previous studies (130 ms). An explanation for this finding is that we used different methods and a timing definition of the inward motion of septal wall in our study.
Another important and critical question is how much of mechanical dyssynchrony is actually assessed by these echocardiographic parameters. If all proposed parameters do reflect the extent of mechanical dyssynchrony, there should be a consistency among the measurements. However, when we measured both peak systolic tissue velocity timing and peak systolic strain timing before and after CRT, there was a significant shortening of strain timing differences after CRT without a major change in peak systolic velocity timing. 17 This finding suggests that different echocardiographic parameters measure different phenomena that may or may not be related to actual mechanical dyssynchrony.
Limitations
Not all patients had paired data for clinical response variables, which may have limited these analyses. We attempted to avoid measurement variability by predefining all methodologies, but differences in data analysis between this and other studies may exist. Adjustment for LV lead position relative to dyssynchrony and scar may have improved the predictive value of mechanical dyssynchrony for RR.
Conclusions
The current findings, in concert with those of the PROSPECT and Cardiac Resynchronization in Heart Failure studies, indicate that the decision to use CRT should be based on standard guidelines and do not support a routine clinical use of any echocardiographic dyssynchrony indices to select patients for CRT. Although superior measures of mechanical dyssynchrony may be developed, the consistent findings observed with the large number of parameters assessed in this study do not engender optimism that use of CRT can be further refined by measurement of mechanical dyssynchrony in patients with advanced symptoms, low ejection fraction, and conduction delay.
CLINICAL PERSPECTIVE
Multiple small retrospective studies suggested that various echocardiographic dyssynchrony indices have high sensitivity and specificity for identifying patients with a favorable response to cardiac resynchronization therapy (CRT). However, the multicenter prospective Predictors of Response to CRT (PROSPECT) trial was not able to identify any echocardiographic dyssynchrony parameter that added significant incremental value to the current simple QRS duration and clinical selection criteria for CRT. That study was criticized on the basis of its multicenter format and low reproducibility of many of the studied indices. In the current single-center study, 131 patients with wide QRS and left ventricular ejection fraction Ͻ35% had 6-month follow-up after CRT implantation. Fourteen dyssynchrony indices were evaluated for prediction of reverse remodeling (end-systolic volume reduction Ն15%). Overall, only indices using M-mode, tissue Doppler strain, and total isovolumic time had a receiver operating characteristic area under the curve greater than the line of no information, but none of these were strongly predictive of reverse remodeling. Thus, this prospective single-center study confirmed the PROSPECT trial's conclusion and does not support a routine use of any echocardiographic dyssynchrony index to select patients for CRT. Echocardiographic selection of patients may in fact deny this potentially effective therapy to patients who could benefit from CRT. Future investigations should focus on further characterizing the clinical and laboratory features of the patients who do not respond to CRT.
